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Large Swing CMOS Power Amplifier

KEVIN E. BREHMER, MEMBER, IEEE, AND JAMES B. WIESER

Abstract —A CMOS class AB power amplifier is presented wherein
supply-to-supply voltage swings across low impedance loads are efficiently
and readily handled. The amplifier consists of a high gain input stage and a
push—pull unity gain amplifier output stage. The amplifier dissipates only 7
mW of dc power and delivers 36 mW of ac power to a 300 £ load, using
standard power supplies of +5.0 V. Lower impedance loads can be driven
to higher power levels, providing the internal current limiting level is not
exceeded.

I. INTRODUCTION

URING the past few years, CMOS has emerged as

an industry standard because of its low power dis-
sipation. However, the implementation of analog functions
in MOS has presented a challenge to many circuit design-
ers. One area of MOS analog design where considerable
work is taking place is the design of an efficient, large
dynamic range power amplifier [1], [2].

Prior art MOS power amplifiers used output stage con-
figurations that were subject to various limitations. Such
limitations included the size of the output driver devices
and the control of the dc bias current in these output
drivers. In order to control the dc bias current in the
output driver devices, previous designs used a source fol-
lower device and a controlled current sink as an output
stage [1}, [2]. This type of design has dynamic range
limitations and requires large output driver device sizes. By
replacing the source follower output driver with a bipolar
emitter follower, transistor die area and dynamic range
limitations can be reduced considerably. However, instabil-
ities arise when using a bipolar emitter follower to drive
high capacitive loads, thus limiting its application. Also,
bipolar transistors are parasitic devices in a standard CMOS
process which are not necessarily well controlled.

In order to obtain an efficient power amplifier with a
large dynamic range capable of driving a low impedance
load, a push—pull class 4B, fully CMOS power amplifier is
presented. This amplifier is designed to operate at voice-
band frequencies for telecommunication and audio appli-
cations, and to be used in an inverting configuration so
that users can design gain or attentuation into their sys-
tems.
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II. DESCRIPTION OF THE POWER AMPLIFIER

The complete power amplifier consists of a high gain
input stage driving a unity gain push—pull output stage.
The input stage is comprised of a differential amplifier and
a common source amplifier. Compensation of this stage is
achieved by a Miller multiplied feedback capacitor.

The output stage includes two unity gain amplifiers in
push—pull configuration. Each amplifier contains a dif-
ferential input stage whose output controls the gate of the
output driver device. The drain of the output driver device
is directly fed back to the noninverting input of the dif-
ferential stage to form a noninverting unity gain amplifier,
and one half of the push-pull configuration.

In the event of an offset between the two push—pull
amplifiers, a feedback circuit controls the dc bias current in
the output drivers. Fig. 1 shows a pseudo block diagram
form of the power amplifier and the associated feedback
circuitry required to stabilize the dc bias current in the
output driver devices.

A. Output Stage Analysis

From Fig. 1 we can see that amplifier A1 and transistor
M¢6 form the unity gain amplifier for the positive half of
the output voltage swing, and conversely amplifier A2 and
transistor M6A4 form the negative half cycle circuit. For the
sake of simplicity, only the circuit referring to the positive
half output swing of the output stage will be discussed. The
operation of the negative half circuit is an inverted mirror
image of that of the positive half swing circuit. Compo-
nents performing similar functions in each circuit are des-
ignated with an additional letter “A” for the negative half
circuit.

Shown in Fig. 2 is a detailed schematic of the positive
unity gain amplifier. The differential amplifier input stage
of the unity gain amplifier has a large positive common
mode range (CMR), which allows transistor M6 to source
large amounts of current to the load, while still being of a
reasonable physical size for incorporation into a monolithic
circuit. Large current sourcing is provided by producing
the highest possible gate drive on M6. The maximum
gate-to-source voltage M6 can have while still keeping M1
and M2 in the saturation region is given by

Vcssm= - (VCC - (VIN - VGSl + VDSATI))

(1)
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Fig. 2. Positive output stage unity gain amplifier.

It first appears that increasing Vg by increasing the
overdrive voltage of M1 and M2 will increase the gate
drive of M6. However, after substitution of the saturation
equation (2) into the expression for V;geu.., We see that
this is not the case:

Vosar =Vos = Vr (2)
Ves6,, =~ (Vee = Vin+Vr1)- (3)

From (3), maximum gate drive on M6 is provided by
increasing the threshold voltage (4) of M1 and M2. One
method of increasing the threshold voltage of M1 and M2
is to modify ¥V, by a threshold implant. Implanting de-
vices M1 and M2 to produce a higher V5, pushes the
common source voltage lower, allowing the gate of M6 to
drop more while still keeping M1 and M2 in saturation.

Vie=Vro + 1/ Vas —20r. (4)

Further enhancement of the positive CMR is obtained
by connecting the substrate of transistors M1 and M2 to
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Vs, thereby modulating the source-substrate voltage of
these transistors. The effect of this substrate modulation on
the threshold voltage of M1 and M2 can be seen in (4). As
the output swing increases, the common source voltage also
increases, however, not by the same amount, since the
threshold voltage of M1 and M2 has increased due to
substrate modulation. The increased threshold voltage of
M1 and M2 tends to reduce the common source mode
voltage of the differential pair thus driving the gate of M6
more negative while still keeping M1 aud M2 in saturation.

The current in the output driver device M6 is typically
controlled by the current mirror developed in the differen-
tial amplifier of the positive unity gain amplifier and
matches the current set in the negative output driver device
M6A4 by the negative unity gain amplifier. If an offset
occurs between amplifiers Al and A2, the current balance
between output drivers M6 and M6A4 no longer exists and
either massive amounts of current or no current at all will
flow through these devices. The feedback loop, shown in
Fig. 1, consisting of transistors M84— M13, stabilizes the
current through output drivers M6 and M64 in the event
of an offset between amplifiers A1 and A2. The feedback
loop operates as follows. Assume that amplifier A1 has an
offset such that transistor M6 begins to source excessive
amounts of current. The excessive current is sensed by
transistor M9 and is fed back to the source follower
M8A - M13. The increase of current provided to transistor
MB8A produces a greater voltage drop across the source
follower M84—-M13 and more differential signal on the
input of amplifier 42. The larger differential signal on
amplifier A2 results in lower gate drive on output driver
M6A4, thereby reducing the current in the output drivers
M6-M6A. The output voltage now has increased due to
the fact that the positive swing amplifier A1 attempts to
keep both of its inputs at the same potential. The complete
power amplifier is in a feedback loop, wherein amplifier
feedback drops the voltage of the negative input of ampli-
fier A1 in attempting to keep the output of the complete
power amplifier at 0 V in the dc bias condition. Transistor
M8 transfers this voltage drop to the negative input of
amplifier A2, thus balancing offset of amplifier 42. The
offset that was initially introduced by amplifier A1 is
absorbed by the source follower transistor M8A4.

Because the output stage current feedback is not unity
gain, some current variation in transistors M6 and M64
occurs. Offsets between amplifiers A1 and A2 can produce
a 2:1 variation in dc current over temperature and process
variations. Equation (5) predicts the change in the output
driver current assuming that V,, is at ground, and any
offset between amplifiers A1 and A2 can be reflected as a
difference between the inputs of amplifier A1. From this
equation, ¥, must be zero for Al to be zero.

ATy = —gmg A, |V,
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Fig. 3. Complete power amplifier schematic.
where
Cu (W 0
B= —‘—'ueffz = (-l_/)eff and Iy = Ipyy7-

Since transistor M6 can supply large amounts of current,
care must be taken to ensure that this transistor is off
during the negative half cycle of the output voltage swing.
For large negative swings, the drain of transistor M5 pulis
to Vg, turning off the current source that biases the
differential amplifier A1. As the bias is turned off, the gate
of transistor M6 floats and tends to pull towards Vi,
turning on transistor M6.

Shown in Fig. 3 is circuitry which ensures that transistor
M6 remains off for large negative voltage swings. As
transistor M5 turns off, transistors M3H and M4H pull up
the drains of transistors M3 and M4, respectively. As a
result, transistor M6 is turned off and any floating nodes
in the differential amplifier are eliminated. Positive swing
protection is provided for the negative half cycle circuit by
transistors M3HA and M4HA, which operate in a manner
similar to that described above for the negative swing
protection circuit. The swing protection circuit does,
however, degrade the step response of the power amplifier
since the unity gain amplifier not in operation is com-
pletely turned off.

Short circuit protection is also included in the design of
the amplifier. From Fig. 3, we can see that transistor MP3
senses the output current through transistor M6, and in the
event of excessively large output currents, the biased in-
verter formed by transistors MP3 and MN3 trips, thus
enabling transistor MP5. Once transistor MP5 is enabled,
the gate of transistor M6 is pulled up towards the positive

Fig. 4. RC compensation for the output stage unity gain amplifier.

supply V., thus limiting the current transistor M6 source
to approximately 60 mA.

B. AC Compensation of the Power Amplifier

AC stability of the complete power amplifier is achieved
by providing a wide-band output stage and by using com-
pensation at the input stage to produce the dominant pole.
The dominant pole in the input stage is produced by the
Miller multiplied capacitor C,,. The compensation of each
unity gain amplifier in the output stage is achieved by a
Miller multiplied capacitor and feedforward resistor. From
Figs. 2 and 3, we can see that transistor MRC and capaci-
tor C. comprise the RC network for the positive unity gain
amplifier and transistor MRF and Cr comprise the RC
network for the negative unity gain amplifier. To simplify
the calculation of the open loop transfer function of Fig. 2,
a model as shown in Fig. 4 has been developed [1]. In this
figure, the effective output impedance of the first stage is
represented by resistor R, and capacitor C,, while the
effective output impedance of the second stage is repre-
sented by resistor R; and capacitor C;. From this model, it
can be shown that the poles and zero of each unity gain
amplifier before closing the feedback loop are
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P, = -1 . for high R

o gm,R; R,C.’ L

_ -1
gmyR; R,Co+ Ry(C, +C)

P~ — gm,Cc

) = ; ‘

CL(CI + CC)+ Clcc

~ —(gmz +gz)cc
Ce(C+ Co)+ GG,

; forlow R,

; for high impedance load

; for low imbedance load

Note that the pole splitting between P1 and P2 is a
function of the load resistance and load capacitance. For
low resistive loads the open-loop gain of the positive swing
amplifier drops, and P1 and P2 both move out in frequency.
Since both P1 and P2 move out in frequency, phase

degradation could occur depending on the location of P3;.

however, by bringing the zero shown above, into the left
half plane, some phase shift that occurs can be cancelled.
The zero placement also helps to cancel phase shift that
will occur as a result of capacitive loading on the output.
As the output capacitance increases, P2 decreases and
phase margin degradation occurs; however, by careful
placement of the zero, the reduction in the phase margin
can be minimized.

The ac stability of the total output stage can be modeled,
to a first order, as two independent amplifiers in parallel.
Since the negative unity gain amplifier is an inverted
mirror image of the positive unity gain amplifier with equal
drive requirements, the dominant poles and zeros of each
amplifier are approximately the same, and the complete
output amplifier transfer function simplifies to that of a
half cycle stage. The number and location of the poles and
zeros of the complete output stage are identical to those in
each of unity gain amplifiers; therefore, no additional
compensation is required to stabilize the complete output
stage.

The total amplifier circuit is capable of driving 300 £
and 1000 pF to ground. The gain-bandwidth product is
approximately 500 kHz and is limited by the output stage
1000 pF load requirement. The output stage bandwidth is
approximately 1.0 MHz.

II1. EXPERIMENTAL RESULTS

The power amplifier presented was fabricated using Na-
tional Semiconductor’s proprietary P2CMOS process. A
die photo of the power amplifier is shown in Fig. 5. The
total die area of the power amplifier is 1500 mils?.

Table I shows a comparison between the simulated and
measured results of the power amplifier and Table II shows
the device sizes that correspond to Fig. 3. Since the ampli-

Fig. 5. Die photo of power amplifier.

TABLEI

POWER AMPLIFIER PERFORMANCE
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Parameter Simulation Measured Results
Power dissipation 7.0 mW 5.0 mW
Aol 82 dB 83 dB
” 500 kHz 420 kHz
V;)ffset 0.4 mV 1mV
PSRR + (d¢) 85dB 86 dB
(1 kHz) 81 dB 80 dB
PSRR — (dc) 104 dB 106 dB
(1 kHz) 98 dB 98 dB
THD V=33 v, R; =300Q 0.03% 0.13%(1 kHz)
C, =1000pF  0.08% 0.32%(4 kHz)
Vin=40V, R, =15K & 0.05% 0.13%(1 kHz)
C, =200 pF 0.16% 0.20%(4 kHz)
T settling (0.1%) 3.0ps <50pus
Slew rate 08V/us 0.6 V/us
1/f noise at 1 kHz N/A 130 nV/Hz
Broad-band noise N/A 49nV/Hz
Die area 1500 mils?
TABLEII
COMPONENT SIZES
(pm,pF)
MI6 184/9 M8A 481 /6
MI7 66/12 M13 66/12
M3 184/6 M9 27/6
M1, M2 36/10 M10 6/22
M3, M4 194/6 M1l 14/6
M3H, M4H 16/12 M12 140/6
M5 145/12 MP3 8/6
M6 2647/6 MN3 244/6
MRC 48/10 MP4 43/12
cC 11.0 MN4 12/6
M1A, M2A 88/12 MPS 6/6
M3A4, M4A 196,/6. MN3A4 6/6
M3HA, MAHA 10/12 MP3A 337/6
M54 229/12 MN4A 24/12
M64 2420/6 MP4A 20/12
MRF ; 25/12 MN54 6/6
CF 10.0
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Fig. 6. Output time response for a +3.3 V, input pulse.
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Fig. 7. Output time response for a +4.0 V, input pulse.
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fier was designed to be used in an inverting configuration,
the common-mode range and CMRR are not applicable op
amp parameters.

Shown in Figs. 6 and 7 are step responses of +3.3 V,
and +4.0 V, for loads of 300 £ /1000 pF and 15K £ /200
pF, respectively, using +4.75 V supplies. The slight
cross-over distortion, as seen in Fig. 6, while slewing nega-
tively, is a result of the delay caused by the offset feedback
circuit when amplifier A2 is required to drive large amounts
of current to the load. This distortion is negligible in THD
measurements for telecommunication and audio applica-
tions.

Fig. 8 shows the efficiency of the power amplifier as the
output voltage swings from rail-to-rail. For this case the
power supplies used were +5.0 V. The slight discontinuity
in the supply current curves at approximately +3.0 Vis a
result of the opposite unity gain amplifier turning off in the
output stage. This discontinuity in supply current has no
effect on the distortion seen in the amplifier. The dc
operating current at 0 V is the operating current for two
power amplifiers since the application in which the power
amplifiers is to be used requires a differential signal. The

dc operating current per amplifier is 500 uA. The ICCPA
current in the positive supply is greater due to the fact that
the high current M6 source is mirrored around to the
source follower M8A4 by the output driver current offset
feedback circuit.

Amplifier offset voltages of typically 1 mV were mea-
sured. These low offsets were a result of a good process
and careful layout. From these data and the fact that
amplifier feedback will reduce any offset between the
output unity gain amplifiers, the dc current variation in the
output driver devices should be very small.

IV. CoNcLUSION

Presented was a fully CMOS class AB power amplifier
wherein supply-to-supply voltage swings across low imped-
ance loads are efficiently and readily handled. The ampli-
fier dissipates only 7 mW of dc power and can deliver 36
mW of ac power to a 300 Q load using +5.0 V power
supplies. Other features of the design include typical offset
voltages of 1 mV and THD of less than 0.4 percent.
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An Improved Frequency Compensation
Technique for CMOS Operational
Amplifiers |

BHUPENDRA K. AHUJA

Abstract —The commonly used two-stage CMOS operational amplifier
suffers from two basic performance limitations due to the RC compensa-
tion network around the second gain stage. First, this frequency compensa-
tion technique provides stable operation for limited range of capacitive
loads, and second, the power supply rejection shows severe degradation
above the open-loop pole frequency. The technique described here provides
stable operation for a much larger range of capacitive loads, as well as
much improved Vg, power supply rejection over very wide bandwidths for
the same basic op amp circuit. This paper presents mathematical analysis
of this new technique in terms of its frequency and noise characteristics
followed by its implementation in all n-well CMOS process. Experimental
results show 70 dB negative power supply rejection at 100 kHz and an
input noise density of 58 nV /y/Hz at 1 kHz.

I. INTRODUCTION

INEAR CMOS techniques have achieved significant
progress over the last five years to provide high-per-
formance low-power analog building blocks like opera-
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tional amplifiers (op amp), comparators, buffers, etc. These
circuits have demonstrated comparable performance. to
their bipolar counterparts at much less silicon area and
power dissipation, thus enabling single chip implementa-
tions of complex filtering functions, A/D and D/A con-
versions with quite stringent specification. Due to relatively
simple circuit configurations and flexibility of design,
CMOS technology has an edge over NMOS technology
and is gaining rapid acceptance as the future technology
for linear analog integrated circuits, especially in the tele-
communication field [1], [2]. The most important building
block in any analog IC is the op amp of which numerous
implementations have been reported in both the technolo-
gies [3], [6].

The most commonly used op amp configuration in
CMOS has two gain stages, the first one being the differen-
tial input stage with single-ended output, and the second
one being either class A or class AB inverting output stage.
Each stage typically is designed to have gain in the range
of 40 to 100. Fig. 1(a) shows the circuit configuration while
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